Chlorine-based disinfection agents are known to favor the production of disinfection by-products (DBPs), whose concentrations are restricted by international guidelines to ensure a safe consumption of drinking water. Hence, it is important to understand the behavior of DBPs within water distribution networks (WDNs) to avoid users' exposure to concentrations higher than guideline values. The buildup in chlorate concentration resulting from chlorinated disinfectants is here simulated with the 
INTRODUCTION
Chlorine-based chemicals are commonly employed in water treatment plants (WTPs) to oxidize organic and inorganic pollutants, to remove microbial pathogens, and to improve water organoleptic features. While these compounds are very effective as oxidants/disinfectants, their application is known to promote the production of pollutants defined as disinfection by-products (DBPs), which have potential harmful effects on humans and are, therefore, a main public health concern (US EPA ; WHO ). The concerns about the presence of DBPs in drinking water and their possible negative effects, also related to congenital anomalies (Righi et DBPs mostly derive from chlorine reaction with natural organic matter and other precursors (Hua & Reckhow ; Goslan et al. ) , therefore the physicochemical properties of raw water are of main importance (Sorlini & Collivignarelli ) . Other crucial issues about DBP generation are type and dose of disinfectant. While in small generally perform multiple-step disinfection processes. A primary disinfection, aimed at the removal of pollutants and pathogens (i.e., by means of ozone, chlorine gas or chlorine dioxide), is commonly followed by a secondary disinfection, which has the main goal of assuring drinking water quality along the water distribution network (WDN) to final users. As a result, both primary and secondary disinfectants ought to be considered as DBP potential sources, and their interaction should be taken into account as well (US EPA ).
In the last decades chlorine dioxide has been extensively employed, particularly in surface water potabilization processes, because it is able to avoid the generation of trihalomethanes (THMs). Yet, chlorine dioxide can support the formation of chlorite and chlorate ions, that may derive from hypochlorite as well, and also from the interaction between chlorine dioxide (ClO 2 ) and hypochlorite (OCl À ), according to the following reactions (Gates et al. ;
Snyder et al. ): Moreover, chlorine dioxide, in the presence of hypochlorite, may undergo a disproportionation reaction to form chlorate as in reaction (3) (Gates et al. ) . Several reactions may take place, as mentioned before, with different relative contributions during the overall chlorate formation process. However, (Gordon & Tachiyashiki, ) suggested that the direct reaction of hypochlorous acid (which is the dominant species at pH 5-7) with chlorite ion could be the main reaction responsible for chlorate generation. Therefore, reaction (4) is assumed to contribute during the whole range of the reaction, while reaction (2) becomes relevant at the beginning of the process for pH values below 8. In general, the parameters mainly influen- 
Evaluation of chlorate neo-formation
In-depth scientific activity has been devoted in the past decades to the development of models able to predict THMs and haloacetic acids' formation in drinking water ( In this study, the overall chlorate generation process was considered. Consequently, an empirical equation based on raw water features and on disinfection boundary conditions was preferred because it is able to describe the temporal dynamics of chlorate production in a more complex and flexible way compared to a kinetic approach. Specifically, the predictive equation developed by Korn et al. () (see Equation (5) 
where T ( W C) is water temperature, t (h) is water age, NPOC (mg/L) is non-purgeable organic carbon content (i.e., the organic fraction of total organic carbon (TOC), whose analytical measure also includes inorganic carbon), and
is the specific absorbance of UV light at 254 nm. In Equation (5) decay in the WDN were thus determined.
Raw water features and disinfection operative parameters
The values of the physicochemical characteristics of raw water employed in this study were gathered considering a critical analysis of literature data (see Table 1 ), in which either NPOC or TOC values are shown according to data availability. Table 2 summarizes the values of the physicochemical and operative parameters considered by the Korn model (see Equation (5)) that were used as boundary conditions for the simulations in the present research. The data reported in Table 2 were derived from the ones shown in Table 1 by means of their aggregation in three categories, defined on the grounds of raw water origin: surface water, groundwater, and mixed water. Cl 2 dose values in water. The data in Table 2 are consistent regarding two Table 1 ) and the influence of heat exchange on chlorate production rate was hence assumed to be negligible. Chlorate production may decrease with increasing distance from the WTP because production rates are proportional to disinfectant concentration, which in turn progressively decays as water travels through the WDN. However, the effect of this decrease in disinfectant concentration was not considered because (i) it was expected to be limited and (ii) the slight overestimation of DBP production in the WDN resulting from the assumption of constant disinfectant concentration led to a conservative estimate of chlorate exposure from drinking water consumption.
Modeling approach
The Values of water age (t parameter in Equation (5)) were derived from the hydraulic model of the WDN. A water quality simulation with duration of 120 days was performed because it was seen that after this duration values of water age attained stable periodic conditions that were no longer affected by the initial conditions. Values of water age were hence obtained discarding this initial transient. Water age in the WDN followed a periodic daily pattern induced by the temporal demand of network users, and the maximum value for each node was thus extracted to represent the conditions that led to the highest chlorate production.
Maximum chlorate concentrations were then considered for critical points that exhibited the maximum concentrations within the WDN.
RESULTS AND DISCUSSION
The simulations presented in the foregoing sections have been performed, and the main results are reported below focusing on chlorate concentrations in nodes and tanks of Anytown network.
Spatial variations of chlorate concentrations arise in the WDN because of differences in water age among network nodes. Water age is strongly influenced by the temporal dynamics of the system, and it varies during the simulation due to the influence of the intensity and direction of pipe flow rates, which in turn depend on time-variable user demands. Figure 1 shows an example of the water age evol- The figure reports maximum water age for Mixed tank conditions (see Table 3 and discussion below). Water ages increase with distance from the input point (Node 10), and the highest values are found in tanks as well as in nearby nodes. In particular, for Mixed tank conditions the water age exhibits its highest value at Tank 65 (which is much larger than Tank 165), in Node 60 and Node 80.
Results of the maximum water ages obtained from the EPANET simulations are displayed in Table 3 The parameter values used for the application of Equation (5) are reported in Table 2 . With these values, Equation (5) can be rewritten in different forms depending on the raw water type:
Mixed:
where t is the reaction time (in hours) that was assumed equivalent to the maximum water age. Figure 3 displays the behavior of the increments in chlorate concentration (i.e., ClO 3 | t -ClO 3 | t¼0 ) over the WDN, with markers denoting the increment values at the corresponding nodes and tanks. The figure shows that the amount of produced chlorate is mainly controlled by differences in water age among WDN nodes. The physicochemical properties of raw water also affect chlorate production, but their influence is less Table 4 for the different raw water types and tank mixing scenarios.
The relative increments vary within a relatively narrow range, comprising between 0.4 and 6.7% of the WHO threshold value. The highest values always occur at the tanks in LIFO scenarios, and correspond to 5.9, 6.7, and 3.3% when the raw water source is represented by groundwater, surface water, and mixed water, respectively. Beside important to stress that leakages would result in a less critical situation for DBP formation. On the one hand, low water velocities generally occur during the night when user demands are low, resulting in higher water age that favors DBP production. On the other hand, leakage intensity is also highest during the night because of high pressure levels. The inclusion of leakage in the model would hence lead to a small increase in velocities at night that would reduce water age in the system and also chlorate production, partially balancing the effect of low night-time velocities.
These changes in water age are expected to be small and probably not relevant compared to the residence time in tanks, but they would, anyway, make the situation less critical for chlorate production. Nonetheless, future insights on pipe wall influence on chlorine-based disinfectants and the development of more realistic and refined WDN models may lead to more precise predictions of DBP production in water networks.
Given the increasing attention received by DBP control to ensure safety of drinking water, it is expected that the for- 
